Large-scale electric fields associated with storms or substorms are responsible for inward convection and energization of plasma sheet plasma. Calculations based on steady state convection theory show that the response to such electric fields qualitatively accounts for many features of the injected particle distribution, but quantitative agreement with the theory has not yet been obtained. It is known that the predictions can be improved by introducing the concept of convection in response to a time dependent electric field. On the other hand, time dependent calculations are sensitive to the choice of initial conditions, and most models have failed to incorporate these conditions in a realistic and self-consistent manner. In this paper we present a more complete model consisting of realistic initial conditions and time dependent convection to explain a typical substorm-associated electron injection event. We find very good agreement between the observed electron flux changes and those predicted by our model.
INTRODUCTION
Transport of collisionless plasma sheet plasma to the inner magnetosphere results from large-scale electric fields associated with storms or substorms. As was shown by previous workers [Chen, 1970; Kivelson and Southwood, 1975; Stern, 1975; Cowley and Ashour-Abdalla, 1976a, b], the maximum earthward penetration of the adiabatically conv½cting tail plasma is delimited in the steady state by spatial boundaries determined by the magnitude of the convection electric field and the constants of the particle motion. For magnetospheric plasmas the relevant constants are the two adiabatic invariants # and J, where # is the magnetic moment and J the bounce integral. The convection boundaries, often called 'Alfv6n layers' [Wolf 1970 ], separate spatial regions in which qualitatively different particle drift orbits are present. For electrons of prescribed # and J, an Alfv6n layer separates drift orbits which are closed about the earth from those which are open to the magnetopause and tail and thus separates regions of enhanced plasma sheet electron fluxes (antiearthward of the Alfv6n layer) from regions of reduced plasma sheet electron fluxes (earthward of the Alfv6n layer). For protons the nature of drift paths in different spatial regions separated by Alfv6n layers can be more complex [Chen, 1970] .
Because satellite particle detectors measure particle energy and pitch angle, not # and J, it is convenient to identify a type of boundary similar to an Alfv6n layer but defined in terms of energy and pitch angle instead of # and J [Kivelson and Southwood, 1975 ]. We introduce the nomenclature 'steady state demarcation boundary' (SSDB) for this related boundary which is determined by the convection electric field magnitude and specified for a particle energy W and pitch angle a. The SSDB is the same as the boundary called LA(qb) by Kivelson and Southwood [1975] and called the critical boundary by Kivelson et al. [1979] . Now, the SSDB is not a particle drift orbit, since energy is not a conserved quantity, but it does delimit the spatial region inside of which an electron whose local energy and pitch angle are the prescribed W and a is on a closed orbit. Outside the SSDB an identical electron will be on an open orbit and thus may have a source in the plasma sheet. Later in this paper we extend the definition of the demarcation boundary to include time dependent effects.
Steady state convection theory has been used with differing degrees of success by many authors to explain substorm-assoCopyright ¸ 1979 by the American Geophysical Union. Subsequently, Kivelson and Southwood [1975] assumed a dipole magnetic field, corotation electric field, and uniform cross-magnetospheric electric field and invoked steady state adiabatic convection theory to explain the energy and time dependent electron flux increases in the same data. Assuming that the flux increase in a given low-energy channel occurred when the outbound satellite passed through the SSDB and entered a region accessible to plasma sheet electrons of that energy, they calculated the points of intersection of the satellite trajectory with the SSDBs for a uniform convection electric field. Although they were successful in explaining the energy dependence of arrival times, they obtained only qualitative agreement with the timing of the observed flux increases. They made no attempt to interpret the subsequent flux decreases.
Using We find that in our time dependent picture of substormassociated convection, the initial particle boundaries are as crucial to the calculation as the incorporation of the time dependence itself, since the position of a particle within the first tens of minutes after onset depends greatly on its location at onset. We suggest that any time dependent convection model must incorporate realistic initial conditions consistent with quiet time observations to give good quantitative results. We assume that the total magnetospheric electric field is derivable from a time dependent generalization of the potential in the equatorial plane given by Volland [1973] :
ANALYSIS OF
where C•(t) is proportional to the total potential drop across the magnetosphere in kilovolts and is time dependent, ½ is azimuth measured eastwards from noon, and C: = 91 kV is the corotation potential. We adopt the L: dependence of the convection potential based on observational and theoretical evi-dence that the convection electric field is partially shielded from the inner magnetosphere [Heppner, 1972; Volland, 1973; Jaggi and Wolf 1973; Southwoo& 1977] . Later we will show that the use of a shielded potential is not critical to our conclusions and that a uniform electric field in which the first term on the right-hand side of (1) is proportional to L can be used with equal success. For our calculation we assume that the earth's magnetic field is dipolar and that the field lines are equipotentials. We use the potential of (1) to model both quiet presubstorm conditions and substorm conditions, imagining the total potential drop [C•(t)] to be small and time independent prior to substorm onset. For such a steady state the SSDBs are taken to define the inner edge of the plasma sheet electron distribution, and this provides us with the needed initial conditions; i.e., we suppose the plasma sheet electrons of all energies are present at all tail locations beyond the SSDBs. For an initial convection potential drop of ß = 60 kV we have plotted in Figure I (Table 1 ) , we note that the data give an azimuth and radial distance at which flux changes in the electrons of energy W, are observed at a time t, -to following substorm onset. Here we take to to be the substorm onset time at 2200 UT as determined by Williams Explorer 45 Table 2 Having decided that the steady state calculation was not significantly improved by use of an L •' dependent potential, we asked whether the time dependent calculation could be carried out with equal success for either form of the potential. Accordingly, we reran our time dependent calculation using a uniform field and, although we do not present our results here, obtained results as good as those shown in Figure 2 using values q0 = 35 kV and qf = 75 kV. Consequently, we believe that it is the time dependence and the self-consistent initial conditions which are the crucial features of our calculation, and not the form of the potential.
Turning to the Williams et al. [1974] observations

It is clear from
Although we have presented the results of only one computer run for the shielded potential, a number of such computations have been performed in which either •0 or •f or both were varied, and we did find the results to be sensitive to changes in these potentials. We varied •0 from 20 to 60 kV and • from 100 to 160 kV; these values are typical polar cap potential drops observed by Heppner [1972] for quiet and disturbed times, respectively. We found 'good agreement' ((I/xLI) _< 0.2) for all combinations of q0 and qt such that 45 kV < $o < 60 kV and 130 kV < St < 160 kV. The results of the different runs also showed that the predicted flux increases were far more sensitive to changes in $o than to changes in whereas the predicted flux decreases were more sensitive to changes in St. These dependences may be easily understood by noting that the flux increases occurred shortly after substorm onset when the initial distribution determined by $o is of great importance. The flux decreases were seen after the distribution had experienced the final convection field for about 2 hours and therefore were more directly dependent on the value selected for •t. These dependences also point out why a single choice of potential could not consistently account for both the flux increases and the flux decreases.
For our study we did not take to, the substorm onset time, to be a free parameter, although it was pointed out by Williams et al. [1974] Table 1. proved agreement with observations, such improved agreement would not necessarily improve our understanding of the injection process in this particular event or in qualitatively similar events unless we could independently determine the added parameters. We do not think that improved fits would add to the evidence presented to support the view that the inclusion of time dependent effects and self-consistent energy dependent initial boundaries in a simple model of convection is useful in understanding particle observations, similar to those presented in this study, shortly after substorm onset. The applicability of our approach over a wider range of substorm event types may be tested in the future through simultaneous measurements at two points in space; such measurements are now available from the Isee 1 and 2 spacecraft.
